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Abstract 

In inclusive deep-inelastic lepton-hadron scattering multi-photon exchange between the leptonic 
and the hadronic part of the process causes single spin asymmetries. The asymmetries exist for 
a polarized target as well as a polarized incoming or outgoing lepton, if the polarization vector 
has a component transverse with respect to the reaction plane. The spin dependent parts of the 
single polarized cross sections are suppressed like a em m po i /Q - where m po i denotes the mass 
of the polarized particle - compared to the leading terms of the cross section for unpolarized or 
double-polarized deep-inelastic scattering. Both the target and the beam spin asymmetry are 
evaluated in the parton model. In the calculation only quark-quark correlators are included. 
While this approximation turns out to be justified for the lepton spin asymmetries, it is not 
, sufficient for the target asymmetry. 

^P H| During the last decades an enormous amount of information on the partonic structure of the nucleon 

has been extracted from inclusive deep-inelastic lepton nucleon scattering (DIS, l(k) + N(P) — > 
l(k') + X{Px))- It is well-known that the cross section for this process is fully described by four 
independent structure functions, provided that one only considers the electromagnetic interaction. 
• H ■ For instance the unpolarized cross section of inclusive DIS is given by 
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d 3 k' Q 4 V y J 

and contains the two structure functions F\ and F2. In Eq. (1) we make use of the standard DIS 
variables 

Neglecting the nucleon mass M the variables in (2) are related by means of y = Q 2 /(xs) with 
s = 2P ■ k being the squared cm-energy of the reaction. Two additional structure functions, 
often denoted by g\ and g2, appear in double-polarized DIS (longitudinal lepton polarization, and 
longitudinal or transverse target polarization) (see, e.g., Refs. [1, 2]). 

As long as the typically used one-photon exchange approximation is considered any single spin 
asymmetry (SSA) is strictly forbidden in inclusive DIS due to parity and time reversal invariance [3]. 
However, this is no longer true if multi-photon exchange is taken into account. In fact, in inclusive 
DIS (transverse) SSAs exist if one goes beyond the one-photon exchange approximation [3]. The 
SSAs arise from a specific correlation between a polarization vector 5 of a particle as well as the 
4-momenta of the nucleon and of the leptons, 

£yuvpo S^P k p k , (3) 
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where e^ upa is the totally antisymmetric Levi-Civita tensor. One can readily convince oneself that 
only those components of S contribute to the correlation (3) which are transverse with respect 
to the reaction plane. (In the target rest frame, e.g., the reaction plane is given by the leptonic 
plane.) The vector S can represent the polarization of the nucleon but also the polarization of 
the incoming or outgoing lepton. Since the SSAs turns out to be proportional to the mass of the 
polarized particle the target SSA should be the most attractive candidate from the experimental 
point of view. The expression in (3) is a so-called artificial time-reversal odd correlation. Artificial 
time-reversal and ordinary time-reversal differ in the sense that in the former case the initial and 
final state of a reaction are not interchanged. (For a recent discussion on this issue we refer the 
reader to [4].) In order to generate a correlation of the type (3) a non-zero phase (imaginary part) 
on the level of the amplitude of the process is required. Such a phase can be provided by multi- 
photon exchange between the leptonic and the hadronic part of the reaction. Therefore, there is no 
argument which forbids the existence of the correlation (3) in inclusive DIS. On the other hand, the 
SSAs are proportional to the electromagnetic fine structure constant a em ~ 1/137 which may lead 
to relatively small effects. Indeed, the results of early measurements of the transverse target SSA at 
the Cambridge Electron Accelerator [5] and at the Stanford Linear Accelerator [6] were compatible 
with zero within the error bars. However, present experiments with their higher precision should 
be able to observe such effects. 

We also note that a lot of work has been devoted to transverse SSAs in processes like one-hadron 
inclusive production in hadron-hadron collisions, semi- inclusive DIS, and the Drell-Yan process 
(see, e.g., Refs. [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19]). In particular over the past 4-5 years 
this field of research has been considerably growing. On the other hand, for decades no measure- 
ment/analysis of a transverse SSA in inclusive DIS has been performed. 

In addition we mention that in elastic lepton scattering off the nucleon transverse SSAs were al- 
ready discussed long ago [20]. (Note also Ref. [21] where the transverse SSA for elastic scattering 
of two point-like spin-^ particles was computed.) On the theoretical side, renewed interest for this 
observable emerged recently [22, 23, 24, 25, 26, 27, 28, 29, 30, 31] because measurements became 
feasible and non-zero results were observed [32, 33]. Since the elastic scattering is the limit of 
inclusive DIS for x — > 1, one certainly can also expect non- vanishing asymmetries in inclusive DIS 
for arbitrary values of x. 

In this note we compute the transverse SSAs for a polarized incoming lepton and for a polarized 
nucleon target in inclusive DIS by considering two-photon exchange between the leptonic and the 
hadronic part of the reaction. The calculation is performed in the framework of the parton model. 
(An early phenomenological calculation of the transverse target SSA only considered the excitation 
of the nucleon to the A(1232)-resonance [34].) Here we merely take quark-quark correlation func- 
tions into account. In this approach we obtain a well-behaved result for the beam spin asymmetry, 
whereas the target SSA turns out to be infrared (IR) divergent. Possibly this divergence can be 
removed by including in addition quark- gluon-quark correlators. The solution of this point requires 
further work. 

It is worthwhile to mention that two-photon exchange may also be at the origin of the observed 
large discrepancy between the outcome of two extraction methods — Rosenbluth separation and 
polarization transfer — for the electric form factor of the proton [35, 36, 37, 38]. Moreover, our 
work here is related to Refs. [39, 23, 40] in which the two-photon exchange contribution to elastic 
electron scattering off the nucleon was treated in the parton model. 

We start by recalling some elements of the collinear parton model. This approach essentially relies 
on two ingredients/approximations: 

1. A fast moving hadron looks like a bunch of partons moving in the same direction. If, e.g., 
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the nucleon has a large light-cone plus- momentum P + = (P° + P 3 )/\/2 a parton inside the 
nucleon has a large plus-momentum p + as well. The light-cone minus-momentum p~ and the 
transverse momentum pr of a given parton are small compared to p + and are ignored. 

2. In the case of a hard process, like inclusive DIS off the nucleon at large Q 2 , the reaction is 
computed in the impulse approximation, i.e., one considers the reaction rate for the corre- 
sponding process with free partons and sums incoherently over the contributions from the 
different partons. For DIS this means in particular that the virtual photon interacts with a 
single free quark, while the remaining partons inside the nucleon merely act as spectators of 
the reaction. 

On the basis of the collinear parton model the structure functions in Eq. (1) are given by 

F 2 (x) = 2xF 1 (x) = ^e 2 , , (4) 

q 

where ff represents the ordinary unpolarized distribution of a quark with flavor q in a nucleon. 
The summation in (4) is running both over quarks and antiquarks, and e q denotes the quark charge 
in units of the elementary charge. The plus-momentum of the quark, which is struck by the virtual 
photon, is specified by means of the relation p + = xP + . The field-theoretical definition of the 
quark distribution reads (see, e.g., Ref. [41]) 

h{x) = I ^ etP< ^ S ^°^ + ^^ S ^ +=iT=0 - < 5 ) 

Here we have used the light-cone gauge in which the Wilson-line, connecting the two quark fields 
in (5) and ensuring color gauge invariance of the operator, disappears. We also mention that the 
scale dependence of parton distributions is neglected throughout this work since it is irrelevant for 
the main point of the discussion. 

Now we turn our attention to the calculation of the transverse SSAs in the parton model by 
discussing in a first step the case of a polarized incoming lepton. To this end we consider the two- 
photon exchange diagram in Fig. 1 together with its Hermitian conjugate. The so-called crossed box 
graph, where the lower vertices of the two photons on the Ihs of the cut in Fig. 1 are interchanged, 
does not contribute to the SSA since it cannot provide an imaginary part. The second ingredient 
of the parton model implies that only such diagrams are taken into account in which both photons 
couple to the same quark. 

The diagram in Fig. 1 provides the following contribution to the squared matrix element of the 
process, 

e 6 1 f d 4 l 1 

Q 2 7 J (2^)4 [(/ - k) 2 - A 2 + is] [(I - k') 2 - A 2 + ie] [I 2 + is] Lpup AitW ^ P ' ( 6 ) 
with 

L^p = I Tr((^ + m) 75 ^ 7 ^' + m)Y(/ + m)y) , 

4nW^ = £ ± {p + k ^ l? + l£ fl^) Tr (> 7^ + * " fVO* + * - / )l P ) ■ 

Note that in Eq. (6) only the term showing up for a transversely polarized incoming lepton is 
listed. In order to obtain a non-zero asymmetry one has to work with a finite lepton mass m. 
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Figure 1: Two-photon exchange contribution to inclusive DIS in the parton model. The Hermitian 
conjugate diagram, not shown in the figure, has to be considered as well. A diagram where the 
ordering of the lower vertices of the two photons is interchanged (crossed box graph) does not 
contribute to the transverse SSA. 



When performing the calculation we ignore a term proportional to m 3 in the lepton tensor L^ vp 
and also the mass in the denominator of the lepton propagator in the loop. Both effects are 
suppressed for large Q 2 . The quark is treated as massless particle. On the other hand, to avoid a 
potential IR divergence, a mass A is assigned to the photon. 

It turns out that in the collinear parton model only the imaginary part of the loop-integral in (6) 
survives as soon as one adds the contribution coming from the Hermitian conjugate diagram. This 
imaginary part can be conveniently evaluated by means of the Cutkosky rules. Here we avoid giving 
details of the calculation and just quote our final result for the spin dependent part of the single 
polarized cross section, 

k '°^f = ^rnxy 2 e^ pa S»P»k<>k'° J2e 3 q xf!(x). (7) 

At this point several comments are in order. The result in Eq. (7) is the leading term in the Bjorken 
limit (Q 2 — > oo, x fixed). Corrections to this formula are suppressed at least by a factor M/Q. The 
sign of the spin dependent part of the polarized cross section depends on the charge of the lepton 
which enters to the third power. The result in (7) holds for a negatively charged lepton. (It is 
interesting to note that in one of the early measurements of the target SSA [6] there is evidence for 
the expected sign change when switching from an electron to a positron beam.) We have taken the 
convention e 0123 = 1 for the Levi-Civita tensor. The spin dependent part of the single polarized 
cross section behaves like a em m/Q relative to the unpolarized cross section given in Eq. (1) (and 
relative to the dominant term of the double polarized DIS cross section). In this context note that 
the correlation (3) showing up in Eq. (7) is given by 

e^ P a S»P v kf>ti° oc ^- ^T^y (8) 
xy 

in the Bjorken limit. 

We emphasize that the expression in Eq. (7) is IR finite. Terms proportional to ln(Q 2 /A 2 ) ap- 
pearing at intermediate steps of the calculation cancel in the final result. In related studies of 
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transverse SSAs in semi- inclusive processes a comparable cancellation of IR divergent terms has 
been observed (see, e.g., Refs. [18, 42]). Because of its IR finiteness the parton model result (7) 
probably constitutes a reliable estimate of the leading term (in the Bjorken limit) of the lepton 
beam SSA. Nevertheless, a word of caution has to be added. At present we have no rigorous proof 
that other diagrams, not included in the parton model approximation, cannot provide a leading 
(and separately IR finite) contribution to the transverse beam SSA. In fact, one might in particular 
question the second ingredient of the parton model according to which both photons only couple to 
the same quark. When performing the integration upon the loop-momentum I also photons with 
an arbitrary long wavelength contribute. Photons with a long wavelength, however, interact with 
the entire nucleon rather than just a single parton. On the other hand, it is possible that such 
effects caused by soft photon emission in general cancel when computing the lepton SSA. 
In connection with the second lepton SSA (polarized lepton in the final state) it is sufficient to men- 
tion that also this observable is IR finite in the collinear parton model. The calculation is basically 
a copy of the one for the beam SSA. Because the asymmetries are proportional to the mass of the 
lepton they become quite small for electron scattering. Corresponding measurements of the trans- 
verse lepton beam SSA in elastic electron nucleon scattering show effects of 0(1CT 6 — 10~ 5 ) [32, 33]. 
However, in comparison much larger asymmetries can be expected for polarized muon scattering 
off the nucleon. 



Now we proceed in order to discuss in a second step the transverse target SSA. As we will see 
below, from a theoretical point of view this observable is more challenging than the lepton spin 
asymmetries. The main reason for this difference is the twist-3 nature of the target asymmetry, 
whereas the lepton asymmetries, though suppressed like l/Q, are given by the twist-2 parton 
density f x . 

We start again by using the collinear parton model. Also for the target SSA the diagram in Fig. 1 
together with its Hermitian conjugate is considered. The calculation proceeds along the lines of the 
lepton asymmetry, but here we entirely neglect the lepton mass. The result for the spin dependent 
part of the single polarized cross section is now given by 



lj0 da N , po i ia 3 em Mx 2 y q^ P u hPh fa 



(9) 



((1 - y) 2 In |J + y(2 - y) Iny + y(l - y)) £ e\ xg q T (x) . 



Like in the case of the lepton SSA we have just kept the leading term in the Bjorken limit. As 
already mentioned the target SSA is a twist-3 effect which is reflected by the presence of the twist-3 
quark distribution defined through 

S 1 9t{x) = ^ e ^(P,5|^0) 7 S^OI^5)| e+=fr=o , (10) 

with i denoting a transverse index. If one would keep a quark mass then also a term proportional 
to the transversity distribution of the quark would appear in (9). 

The crucial difference between the result in (9) and the lepton asymmetry in (7) is the uncancelled 
IR divergence as the photon mass A — ► 0. One has to conclude that the collinear parton model is 
not suitable for describing this observable. As mentioned above it is possible that also diagrams 
where both photons couple to different quarks in the nucleon have to be taken into account in 
order to arrive at an IR finite result. In addition, it is known for a long time that even in the one- 
photon exchange approximation the collinear parton model is not a sufficient framework to describe 



5 



twist-3 effects in DIS. Two corrections to the collinear parton model have to be included (see, e.g., 
Ref. [43]): first, the transverse momentum of the struck quark cannot be neglected; second, also 
quark-gluon-quark correlators have to be taken into account. In this note we limit ourselves to the 
first correction, and leave a detailed investigation of effects due to quark-gluon-quark correlations 
inside the nucleon for future work. 

If one considers pT-dependent terms in the quark-quark correlator, which appear in combination 
with the imaginary part of the electron-quark box diagram in Fig. 1, one arrives at the following 
result for the single polarized cross section, 

jjo d(JN, P oi _ 4a 3 em Mx 2 y qnptwu* nn 

2 



In comparison to the result (9) the main new ingredient in (11) is the unintegrated (pr-dependent) 
parton density gyr which is given by (see, e.g., Ref. [44]), 

^j^9Mx,pS) = J ^^^^HP^im^m^Sr)^. (12) 

We avoid here discussing the subtle issues of a proper gauge invariant definition of py-dependent 
parton densities and just refer to the literature [45, 46, 47, 48, 49, 50, 51]. Obviously, the gyr- 
contribution in Eq. (11) is not suppressed compared to the g^-term which is already present in 
the collinear approach. It is worthwhile to note that, in contrast to the target SSA, p^-dependent 
effects are suppressed in the case of the lepton asymmetries. The result in (11) is IR divergent as 
well, where the divergent terms are contained in the function H. In particular the p^-dependent 
term in H is also associated with an IR divergence. Provided that this divergence cancels after 
the inclusion of quark-gluon-quark correlators, one can perform the ^-integral in (11) and might 
arrive at a description of the target SSA in terms of ordinary integrated correlators. 
Concerning the inclusion of quark-gluon-quark correlators we limit ourselves here to a short qual- 
itative discussion. Without detailed algebra one finds that two such correlators can contribute to 
the target SSA. Symbolically these objects can be written as 

(P, S\ i> 7 + A T j>\P,S), (P, S\ $ 7 + 75 A T $ |P, S) , (13) 

with A T denoting the transverse components of the gluon field. It is possible that upon inclusion 
of such contributions an IR finite result for the target SSA can be obtained. Here one has to keep 
in mind that the QCD equations of motion relate quark-gluon-quark correlators of the type given 
in (13) to quark-quark correlators. Actually, it is quite interesting and promising that a certain 
linear combination of the matrix elements in (13) is connected to the particular combination of gx 
and giT in Eq. (11). 



To summarize, we have investigated transverse SSAs in inclusive DIS off the nucleon which, in gen- 
eral, can be induced by multi-photon exchange between the leptonic and the hadronic part of the 
reaction. Such SSAs exist for a polarized target as well as a polarized incoming or outgoing lepton. 
We have computed the asymmetry for a transversely polarized lepton beam and for a transversely 
polarized nucleon target in the framework of the parton model. So far we have only considered 
contributions from the quark-quark correlator. In this approach the beam spin asymmetry turns 
out to be proportional to the twist- 2 unpolarized quark density inside the nucleon. In contrast, 
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the target SSA is a genuine twist-3 observable which is reflected by the appearance of the twist-3 
parton density gx- We have also studied the influence of the transverse motion of the struck quark. 
While such effects are suppressed for the lepton asymmetries, one finds a leading contribution in the 
case of the target SSA. Due to an uncancelled IR divergence our present result for the target SSA 
apparently is incomplete. However, it is likely that the full leading contribution (in the Bjorken 
limit) can be obtained if quark-gluon-quark correlators are also taken into consideration. 
The transverse spin asymmetries are of (D(a em ) and may therefore be small. Moreover, they are 
suppressed like m po i/Q with m po i denoting the mass of the polarized particle. At least in the case 
of the nucleon target SSA this suppression is not severe as long as Q is in the region of a few GeV. 
Although probably difficult, we think it is definitely worthwhile to experimentally explore such 
transverse SSAs. Currently, measurements could be performed at CERN, DESY, and at Jefferson 
Lab. 
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